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Exposure to air pollution is associated with adverse health effects, with particulate matter
(PM) and ozone (O3) both indicated to be of considerable importance. Diesel engine
exhaust (DE) and O3 generate substantial inflammatory effects in the airways. However, as
yet it has not been determined whether a subsequent O3 exposure would add to the diesel-
induced airway inflammatory effects.
Healthy subjects underwent two separate exposure series: A 1-h DE exposure at a PM-
concentration of 300 mg/m3, followed after 5 h by a 2-h exposure to filtered air and 0.2 ppm
O3, respectively. Induced sputum was collected 18 h after the second exposure.
A significant increase in the percentage of neutrophils (PMN) and concentration of
myeloperoxidase (MPO) was seen in sputum post DE+O3 vs. DE+air (po0.05 and o0.05,
respectively). Significant associations were observed between the responses in MPO
concentration and total PMN cells (p ¼ 0.001), and also between MPO and matrix
metalloproteinase-9 (MMP-9) (po0.001).
The significant increase of PMN and MPO after the DE+O3 exposures, compared to DE+air,
denotes an O3-induced magnification of the DE-induced inflammation. Furthermore, the
correlation between responses in MPO and number of PMNs and MMP-9 illustrate that the
PMNs are activated, resulting in a more potent inflammatory response.
The present study indicates that O3 exposure adds significantly to the inflammatory
response that is established by diesel exhaust. This interaction between exposure to
particulate pollution and O3 in sequence should be taken into consideration when health
effects of air pollution are considered.
& 2006 Elsevier Ltd. All rights reserved.Elsevier Ltd. All rights reserved.
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Extensive epidemiological studies carried out over the past
decades have demonstrated the adverse health effects of
ozone (O3) and particulate matter (PM) air pollution, both
exceedingly prevalent air pollutants worldwide.1 Diesel
exhaust is regarded as a significant contributor to PM air
pollution by emitting extensive amounts of infinitesimal
particles, often referred to as nanoparticles, which have
been suggested to carry a considerable toxicological
potential.2 Numerous time-series studies have reported
short-term associations between daily levels of both O3
and PM concentrations and increase in symptoms, medica-
tion use and morbidity in respiratory and cardiovascular
diseases.3,4 Emergency room visits and hospitalization due
to respiratory and cardiovascular distress escalate in
proportion to rising pollution levels5–7 and correlations
between the daily number of deaths and preceding O3 and
PM levels have been well established.4,8,9
In epidemiological studies it is often difficult to distin-
guish the contribution to adverse respiratory effects by
individual pollutants. PM effects on hospital admissions
varies between urban areas and there are indications that O3
levels may explain a proportion of this variability.10 It has
been speculated that this could be due to a biological
interaction whereby exposure to O3 increases the sensitivity
to particles.
Controlled chamber exposures to diesel exhaust in
healthy subjects have in a series of studies by the
investigators been demonstrated to result in airway inflam-
matory responses, including an early induction of mitogen-
activated protein kinases (MAPK) p38, JNK, as well as the
downstream transcription factors AP-1 and NFkB. Enhanced
production of interleukin-6 (IL-6), IL-8, GRO-a and other
mediators bring about an airway neutrophilia, and con-
comitant infiltration by T-cells, mast cells and alveolar
macrophages. The time sequence of these events has been
studied using different concentrations of diesel exhaust
particles.11–16
O3 effects have similarly been studied. The time course of
the pronounced oxidative stress with subsequent consump-
tion of antioxidants and eventual repletion, has been
clarified in a string of preceding studies. These events
have been shown to induce upregulation of vascular
adhesion molecules in the airway mucosa, which together
with enhanced production of chemoattractants cause a
migration of neutrophils into the airway wall and air
spaces.17–23
In real life, air pollution is always comprised of a mixture
of different particulate and gaseous pollutants. To date,
no information is available from human experimental
exposure studies that can clarify the uncertainties of
additional O3 effects to those caused by PM. The current
study was therefore designed as a starting point to address
this issue. The foundation was the knowledge generated
from preceding diesel and O3 studies in our and other
laboratories.11–25
The aim of the present study was therefore to evaluate
whether exposure to O3, as opposed to filtered air, would
cause an enhanced airway inflammatory response, on top of
the extensive airway inflammation that is established after a
diesel exhaust exposure.Methods
Subjects
Sixteen healthy, non-smoking subjects (9 female, 7 male)
were recruited, ranging in ages from 20 to 28, with a mean
age of 23 years. The subjects had no history of asthma or
allergies, and were free from airway infections for a
minimum of 6 weeks prior to and during the study.
Collectively, normal spirometry values and EKG were
imperative, as well as negative skin prick tests against
common aeroallergens. The use of anti-inflammatory drugs
and vitamins was not allowed starting 2 weeks prior to
exposure and continuing until the last sputum sample was
obtained. The study was approved by the Umea˚ University
Ethics Committee and all subjects gave their written
informed consent. All research carried out was in compli-
ance with the Helsinki Declaration.
Exposures
The subjects underwent two separate exposure series within
a 3–6 weeks interval. During all the exposures, subjects
alternated between rest and moderate exercise on a
stationary bicycle ergometer (VE ¼ 20 l/min/m2 body sur-
face) at 15min intervals. On both occasions, the 1-h morning
exposure consisted of diesel exhaust at a PM concentration
of 300 mg/m3. Five hours following the end of the diesel
engine exhaust (DE) exposure, the subjects were exposed,
during a 2-h period, to filtered air or 0.2 ppm of O3 in a
randomized and blinded order. The environment in both DE
and O3 exposure chambers remained at a consistently
controlled temperature and humidity (20 1C and 50%,
respectively). The standard protocols for both these
exposures have previously been published.14,26 Induced
sputum was collected 18 h after the air/O3 exposure.
Sputum induction and laboratory procedures
Induced sputum was collected during three 7-min inhala-
tions of 3%, 4% and 5% hypertonic saline solutions using the
DeVILBISS Ultra-Neb 2000 (DeVILBISS Health Care Inc.,
Somerset, PA, USA), according to a previously described
protocol.27 Prior to sputum induction, the subjects received
an inhaled b2-agonist (0.5mg terbutaline) in order to
prevent bronchoconstriction. Following each inhalation
period, FEV1 was assessed and the subjects, after rinsing
their mouths with water and blowing their nose, expecto-
rated sputum into a sterile container. Sputum processing
occurred, slightly modified, based on methods previously
described by Pizzichini et al.28 Initially, saliva and visible
squamous cell clusters were excluded. The remaining
sample was then placed in a siliconized tube along with
Sputolysin (Calbiochem, EMD Biosciences Inc., San Diego,
CA, USA) and rocked for 15min to disseminate the cells. An
additional 5min of rocking was required after the phosphate
buffered saline (PBS) was added. The solution was then
filtered and centrifuged at 300g at 4 1C for 10min (Beckman
GS-6R; Beckman Instrument, CA, USA). The supernatant was
stored at 70 1C for future analyses. The cell pellet was
resuspended in PBS and using trypan blue, total cell counts
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The cell dilution was calibrated to 0.5 106 cells/ml and
50 ml allocated per cup in a Shandon 3 cytocentifuge
(Shandon Southern Instruments Inc., Sewikly, PA, USA).
Cytospins were generated and stained with May–Gru¨nwald
Giemsa.
Cell counts
Four hundred non-squamous cells were counted and
expressed in terms of total count as well as a percentage
of the complete nonsquamous cell count. Furthermore, a
general count of 400 cells was performed to assess the
percentage of squamous cell contamination. Sputum sam-
ples were satisfactory for analysis when containing o20%
squamous cells and having a cell viability of450%. Total cell
count was ultimately tallied by dividing the number of cells
with the volume of processed sputum (1mg ¼ 1 ml).
Soluble proteins
The sputum supernatant was used for analysis of the
quantity of the soluble inflammatory mediators myeloper-
oxidase (MPO), matrix metalloproteinase-9 (MMP-9) and IL-6
using commercial enzyme-linked inmmunosorbent assay kits
(ELISA; R&D Systems Inc., Abingdon, UK).
Statistical analyses
All statistical calculations were processed using SPSSs
version 10.0 for Windowss (SPSS Inc., Chicago, IL, USA).
For comparison of DE+air versus DE+O3 data from cell counts
and soluble mediators, Wilcoxon’s nonparametric signed-
rank test for paired observations was applied. Correlation
analyses were performed using Spearman correlation test.Table 1 Inflammatory cell percentages in sputum.
Cell types DE+air
Macrophages 52.8 (32.4–72.3)
Neutrophils 42.4 (23.5–62.7)
Lymphocytes 2.50 (1.70–3.60)
Eosinophils 0.00 (0.00–0.20)
Ciliated 0.60 (0.20–1.00)
All values are expressed as the median (IQR) of the percentage (%) o
Table 2 Sputum total and differential cell counts.
Cell type 104/ml DE+air
Total cell number 930 (770–1720)
Macrophages 571 (292–960)
Neutrophils 470 (146–1027)
Lymphocytes 21 (13.8–95.1)
Eosinophils 0.00 (0.00–1.86)
Ciliated cells 4.70 (1.55–18.1)
All values are expressed as median (IQR).A p-value of o0.05 was considered significant. Values are
given as medians with interquartile ranges (25–75th per-
centiles).
Results
Within the DE+O3 exposure samples, the median squamous
cell contamination was 3.5% (with an interquartile range of
1.7–5.0%) and median cell viability was 92% (88–94%). The
figures for the DE+air set of samples were 3.1% (3.1–5.8%)
and 90% (87–92%), respectively. Median-induced sputum
weight was 240mg (186–580mg) after DE+O3 and 245mg
(171–615mg) after DE+air. Employing the previously desig-
nated criteria, all 32 samples collected qualified for further
use.
Differential cell counts
There was a significant increase in the percentage of
neutrophils (PMN) after DE+O3 exposure (po0.05) as
opposed to post-DE+air. The elevation in the total number
of neutrophils did not reach statistical significance
(p ¼ 0.07). A marked declinational trend was seen in
macrophage percentage, mirroring the neutrophilic in-
crease. Aside from this, no arrant changes were seen in
regards to either total cell count or percentages of
lymphocytes, eosinophils or ciliated cells between the two
exposure series (Tables 1 and 2).
Soluble inflammatory markers
Compared to DE+air, DE+O3 exposure induced a significant
increase in the concentration of MPO (po0.05). Although by
definition not statistically significant, there was a percep-
tible trend suggesting an amplification of MMP-9 (p ¼ 0.074)DE+ozone p-value between groups
38.1 (35.0–54.2) 0.066
59.1 (41.0–62.6) 0.049
2.10 (1.45–3.15) 0.319
0.00 (0.00–0.20) 0.750
0.60 (0.05–0.95) 0.900
f total non-squamous cells.
DE+ozone p-value between groups
1060 (840–1880) 0.918
458 (360–548) 0.278
600 (315–1167) 0.070
25 (15.2–40.8) 0.836
0.00 (0.00–1.34) 0.484
6.83 (0.94–8.68) 0.570
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Table 3 Sputum soluble inflammatory mediators.
DE+air DE+ozone p-value between groups
MPO (ng/ml) 74.4 (59.6–101) 126 (92.8–144) 0.041
MMP-9 (ng/ml) 43.8 (23.0–87.5) 68.0 (47.7–91.7) 0.074
IL-6 (pg/ml) 43.1 (27.2–54.7) 51.3 (40.2–62.0) 0.234
All values are expressed as the median (IQR).
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(Table 3).
Correlations
The differentials (D ¼ DE+O3DE+air) between the two
exposure series were analysed using Spearman correlations.
The D for total PMNs was significantly correlated with DMPO
as well as DMMP-9 (rS ¼ 0.759; p ¼ 0.001 and rS ¼ 0.535;
po0.05, respectively). Furthermore, a strong association
was noted between DMPO and DMMP-9 (rS ¼ 0.803;
p ¼ 0.000).
Discussion
The strong pro-inflammatory potential of diesel engine
exhaust (DE) has been described in a range of earlier
papers,11–14,25,29 but whether that state of inflammation
could be further enhanced by the common photochemical
pollutant O3 had not been previously addressed. The analysis
of induced sputum demonstrated that O3 exposure led to an
increased neutrophil activation with enhanced release of
MPO, along with indications of increased number of sputum
neutrophils, on top of the diesel-induced airway inflamma-
tory response, contra that of air exposure. This suggests that
O3 has the ability to further activate inflammatory cells on
top of effects induced by diesel exhaust.
Earlier O3 studies have indicated that, under the exposure
conditions applied here, no bronchial neutrophilia or
increased MPO release would remain at 18 h post-O3
exposure.30,31 Therefore, any neutrophil increase or ampli-
fied neutrophil activation, on top of the effects induced by
DE+air, could be interpreted as an O3-induced potentiation
of the diesel exhaust effects.18,24 We, as well as other
investigators, have established that a neutrophilic airway
inflammatory response is an accepted hallmark of oxidative
air pollution challenges, which includes both O3 and diesel
exhaust.11,13,18,32,33 The main biological role for the
neutrophil is to act in the immune defense and through
oxidative burst and secretion of various enzymes inhibit or
kill foreign cells and microorganisms. Potentially adverse
reactions can occur when air pollutants affect epithelial and
inflammatory cells in the airways resulting in secretion of
neutrophil chemoattracting and activating cytokines such as
IL-8, GRO-a and ENA-78. Activation of neutrophils in this
scenario may be an inappropriate response, and damage to
cells, structural components, receptors and enzymes can
result from an enhanced secretion of reactive enzymes and
oxidative burst. The present study demonstrates that the
addition of an O3 exposure leads to a further enhancedrelease of MPO in induced sputum, on top of the neutrophilic
recruitment and activation in the airways caused by diesel
exhaust, as has been detected 6–24 h post-expo-
sure.11–14,34,35 MPO is the most abundant glycoprotein
enzyme released by activated neutrophils through azuro-
philic degranulation. The release ultimately leads to a
respiratory burst, stimulating the production of toxic
intermediates such as superoxides, hydrogen peroxide
(H2O2) and other reactive oxygen species. MPO further
activates, through a series of redox transformations, the
conversion of H2O2 and chloride ions (Cl
) into cytotoxic
hypochlorous acid (HOCl), which consequently may result in
injury to nearby cells and various molecules.36 Previous
studies have indicated that MPO and its subsequent oxidant
products cause critical damage to extracellular matrix as
well as pulmonary parenchymal cells.37
Further indications of neutrophil activation can be found
in MMP-9, for which the DE+O3 exposure induced a tendency
towards a significant increase, which strongly correlated
with increases in MPO and neutrophils. MMP-9 is a
proteolytic enzyme that can be produced by neutrophils.
This protease is important for migration of inflammatory
cells as well as for remodelling of matrix in relationship to
damage and progression of a range of respiratory diseases
including asthma and COPD.38,39 Since diesel exposure per se
has been shown to lead to lymphocyte activation,11 it is
conceivable that IL-17 from these cells could have played a
role both for neutrophil recruitment and MMP-9 secretion.40
Limitations of induced sputum volume for analyses refrained
us from pursuing this question further in the present
context, but is due to be addressed in a forthcoming study.
Even though no previous human experimental studies
have addressed the outcome of sequential exposure to O3 in
conjunction with PM, a handful of animal studies have been
performed using simultaneous exposure models. Adamson et
al.41 exposed rats to 0.8 ppm of O3 and 50mg/m
3 of urban
particulates for 4 h. They found that the co-exposed rats
displayed greater epithelial cell damage, along with an
enhancement in macrophage and neutrophil number. More-
over, Madden et al.42 also described an augmented
neutrophilia, total protein and LDH activity in the airways
of rats when using DE particles pre-exposed to 0.1 ppm of O3
for 48 h. Furthermore, signifying a potential additive effect,
studies have demonstrated that a single exposure to either
urban air particles or O3 did not induce a significant cell
damage, whereas the combination of these agents clearly
potentiated epithelial cell injury and subsequent cell
regeneration.41,43 Employing a simultaneous exposure pat-
tern in human studies would require first addressing a
separate hypothesis of how O3 influences the diesel exhaust
and thus may modify its properties. However, as the current
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profiles that we encounter in ambient air, a sequential
pattern was required. Since there is such limited informa-
tion available on co-exposure, the few animal data are an
interesting basis for the present study. Even though these
animal studies apply a varied approach at examining co-
exposure to oxidant air pollutants, they indicate an
enhancement of these factors on one another.
In the current study, induced-sputum collection and
analysis was employed as it is considered a practical and
dependable technique for quantifying airway reactions.27,44
One of its principal attributes is that it is a non-invasive
means of allowing the evaluation of inflammatory cells and
mediators after pollutant exposure, providing an alternative
to bronchoscopy. This technique has previously been
established as proficient when used to investigate the
effects of DE and O3 exposure independently.
12,31
The design of the study aimed to replicate an urban
profile of air pollution, with PM levels, here represented by
diesel exhaust, elevated in the morning during rush hour and
O3, because of its sunlight-dependent formation, reaching
its peak in the afternoon. A possible option here could have
been to also address the airway inflammatory response after
air+air and air+O3 exposures. However, performing more
than the four exposures that were done in each subject
would not have been feasible due to logistics, including
willingness to participate. This contrasts of course to animal
studies were multiple comparisons can be far more easily
achieved than in human experimental studies. As the
primary aim of the study was to focus on whether the diesel
exhaust-induced airway inflammatory response could be
augmented by an O3 exposure, mimicking the real life
situation of the urban air pollution profile, the chosen study
protocol was considered the most favourable. We could
demonstrate a patent neutrophil activation, yet certainly
the peak neutrophilia could have occurred at an earlier or
later time point than studied here.
A considerable body of epidemiological studies illustrates
a conspicuous link between the increase of morbidity and
mortality in connection with air pollution.45,46 This, in
association with epidemiological data suggesting an adverse
interaction between PM and O3 by showing an amplification
of the harmful effects of PM during the summer months,
motivated the necessity to further explore whether con-
comitant exposure would result in an enhanced toxicity in
the airways.47,48 Levels of O3 are now increasing in cities due
to less NO emission from traffic to react with O3. The
increased use of particle filters in diesel buses and catalysts
in cars seems to increase the direct emissions of nitrogen
dioxide.49 Such a change in the emission ratio for NO2/NO
will further increase urban O3 levels, as will likely a warmer
climate. An expected reduction in particle emissions may
not be accomplished with foreseen health benefits if O3
levels continue to increase, especially if O3 may increase the
susceptibility to exhaust particles, as indicated in animal
studies.41–43 Since NO2 is one of the major gaseous
components of diesel exhaust, an argument could further
be maintained as regards to its pro-inflammatory contribu-
tion in relation to the PM-induced airway responses.
However, according to previous studies, it seems unlikely
that the DE-induced effects in the present study can
exclusively be attributed to NO2, as exposure to NO2 aloneat a higher concentration and for a longer duration than
used here, has not been shown to induce an inflammatory
response in the airway tissue.11,50
In this pioneering study, we have been able to demon-
strate that the inflammatory effects established by diesel
exhaust exposure were magnified by the addition of O3, in
terms of a neutrophil activation with an increase in sputum
MPO, together with indications of increased neutrophil
numbers. The study indicates an additive effect on the
airways when exposed in sequence to diesel exhaust and O3.
This interaction between exposures to peaks of pollutants in
sequence should be taken into consideration when health
effects of air pollutants are considered. Forthcoming
research is warranted to further delineate the full extent
of interaction between different air pollutants.
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